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Advanced glycosylation end products of proteins 
(AGEs) are nonenzymatically glycosylated proteins 
which accumulate in vascular tissue in aging and at an 
accelerated rate in diabetes. A ~ 35-kDa polypeptide 
with a unique NH 2 -terminal sequence has been isolated 
from bovine lung and found to be present on the surface 
of endothelial cells where it mediates the binding of 
AGEs (receptor for advanced glycosylation end prod- 
uct or RAGE). Using an oligonucleotide probe based on 
the amino-terminal sequence of RAGE, an apparently 
full-length cDNA of 1.5 kilobases was isolated from a 
bovine lung cDNA library. This cDNA encoded a 394 
amino acid mature protein comprised of the following 
putative domains: an extracellular domain of 332 
amino acids, a single hydrophobic membrane spanning 
domain of 19 amino acids, and a carboxyl-terminal 
domain of 43 amino acids. A partial clone encoding the 
human counterpart of RAGE, isolated from a human 
lung library, was found to be -90% homologous to the 
bovine molecule. Based on computer analysis of the 
amino acid sequence of RAGE and comparison with 
databases, RAGE is a new member of the immunoglob- 
ulin superfamily of cell surface molecules and shares 
significant homology with MUC 18, NCAM, and the 
cytoplasmic domain of CD20. Expression of the RAGE 
cDNA in 293 cells allowed them to bind 125 I-AGE- 
albumin in a saturable and dose-dependent manner (K d 
-100 nM), blocked by antibody to RAGE. Western blots 
of 293 cells transfected with RAGE cDNA probed with 
anti-RAGE IgG demonstrated expression of immuno- 
reactive protein compared to its absence in mock- 
transfected cells. These results suggest that RAGE 
functions as a cell surface receptor for AGEs, which 
could potentially mediate cellular effects of this class 
of glycosylated proteins. 
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Advanced glycosylation end products of proteins (AGEs) 1 
result from the prolonged exposure of proteins to aldoses, 
such as glucose and ribose. and have been shown to be present 
in the plasma and to accumulate in tissues at an accelerated 
rate in diabetes (1-5). Although the AGEs are a heterogeneous 
class of compounds, their ability to form cross-links to and 
between proteins, and their interaction with a class of binding 
sites on endothelial cells and monocytes (6-9), as well as other 
cell types (10), suggests two mechanisms through which they 
could contribute to diabetic complications: by altering the 
architecture of the extracellular matrix through the formation 
of cross-links between basement membrane components (1), 
and by modulating cellular function following interaction with 
cell surface binding sites. 

AGEs perturb a broad range of cellular functions, especially 
in endothelial cells and macrophages (6-8). For example, in 
cultured endothelium AGEs increase permeability and expres- 
sion of procoagulant activity, and AGEs induce migration of 
mononuclear phagocytes, as well as production of platelet- 
derived growth factor and cytokines (10, 11). These consid- 
erations led us to characterize surface receptors potentially 
mediating the cellular interactions of AGEs. We have isolated 
a 35-kDa polypeptide with an unique NH 2 -terminal sequence 
which is present on the endothelial cell surface and binds 
AGEs selectively and saturably (7). In this study, we report 
the cloning and expression of this receptor for advanced 
glycosylation end products (RAGE). The results indicate that 
RAGE is a new member of the immunoglobulin superfamily 
of receptors. Expression of the RAGE cDNA in 293 cells 
resulted in detection of RAGE antigen on the cell surface, 
and the ability of the cells to bind '- S I-AGE albumin. These 
data, indicating that RAGE is a cell surface receptor which 
can interact with AGEs, form the basis for future studies 
examining the mechanisms underlying cellular effects of this 
class of glycosylated proteins. 

MATERIALS AND METHODS 

Isolation of the 35-kDa ACE Receptor, Trypsin Cleavage, and Se- 
quencing of Peptides— The 35-kDa AGE receptor (RAGE) was puri- 
fied as described previously (7): acetone extract of bovine lung was 
subjected to chromatography on hydroxylapatite. fast protein liquid 
chromatography Mono S, and gel filtration. RAGE was homogenous 
on reduced and nonreduced SDS-PAGE. Purified RAGE was sub- 
jected to trvptic digestion in ammonium bicarbonate (0.2 M) at an 
enzyme-to-substrate ratio of 1:30 (w/w) at 37 'C for 20 h. HPLC 



1 The abbreviations used are: AGEs, advanced glycosylation end 
products: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis: HPLC high performance liquid chromatography; bp, 
base pair(s). 
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wilh 2 men "I 'oet Hanoi at 1 ■ M> C. As indicated, peaks from the 
Hl'LC column were subjected to sequence analysis using an Applied 
Hiosystenis gas-phase sequencer I model 470A, Foster City, CAI. 
Phenvlthiohydantunin amino acid derivatives were identified "on- 
line" wilh an ABI model 120 phvenvlthiohydantonin analyzer. 

Isolation of Hovine cVNA for the 35-kDa AGE Receptor (Bovine 
RACE) — A cDNA library from Xglll made from bovine lung mRNA 
(Clontech, Palo Alto, CA) was screened with a synthetic oligonucle- 
otide probe prepared on a 380A DNA Synthesizer (Applied Biosys- 
tems, Foster City, CA) of sequence 5-AACTGCAAGGGCGCCC- 
CCAACAAGCCCCCCCAGCAG-3' based on back-translation of the 
amino-terminal protein sequence Asn-X-Lys-Gly-Ala-Pro-Lys-Lys- 
Pro-Pro-Gln-Gln where X was assumed to be cysteine. Codon choices 
were made bv the method of Lathe (12). Lifts were prepared and 
hybridized in 6 x SSC, 10 x Denhardts solution. 50 mM sodium 
phosphate, pH 7.0, 0.1% sodium dodecyl sulfate, and 50 >ig/ml yeast 
tRNA (18). Positive plaques were picked and purified, and inserts 
were suhcloned into pUC19 for DNA sequencing. 

DNA Sequencing and Database Search — The DNA sequence was 
determined by the dideoxy chain termination method (13) using 
Sequenase as recommended by the manufacturer (U. S. Biochemical, 
Cleveland, OH). Areas of secondary structure were resolved in parallel 
sequencing reactions employing dITP as specified by the manufac- 
turer, initial sequences were generated at both ends of the bovine 
cDNA using pUC vector primers. Based on this information, DNA 
primers were prepared and used in sequencing reactions to extend 
the read. This cycle was repeated until the clone was bridged, and 
then additional oligomers were prepared such that each base was 
sequenced at least twice, most in both directions. A similar strategy 
was employed for the human RAGE cDNA except that many of the 
bovine primers were used for sequencing of the human template. 
Database searches of Genbank, EMBL, and SwissProt were run using 
the FastA, TFastA, WordSearch. and ProFile Search programs avail- 
able from Genetics Computer Group (GCG) (14). The hydrophilicity 
profile was obtained using the Hopp and Woods program from 
Intelligenetics Corporation (Mountain View, CA). Determination of 
signal sequence cleavage sites were predicted by the Sigcleave program 
(29). 

Northern Analysis of Bovine Lung MVV1— Total RNA was isolated 
from adult bovine lung tissue using the guanidiniura thiocyanate 
method (18). 25 »g of RNA was separated on a formaldehyde gel and 
transferred to a nylon membrane (ICN, Irvine, CA) employing meth- 
ods as described (18). The blot was hybridized with the bovine cDNA 
for RAGE under the conditions utilized in the cloning of the human 
cDNA below. The RNA molecular weight markers (size range 0.24- 
9.5 kilobases) were obtained from Bethesda Research Laboratories. 

Isolation of Human cDNA for RAGE— A cDNA library from Agt 1 1 
made from human lung mRNA (Clontech) was screened with the full- 
length bovine RAGE cDNA "P-labeled by a random priming reaction 
according to the manufacturers instructions (Boehringer Mann- 
heim). Positive clones were picked, purified, and subcloned in pUCl9 
for sequencing as for the bovine molecule above. The hybridization 
conditions were: 500 mM NaCi, 250 mM sodiufh^hosphate, pH 7.2. 1 
mM EDTA, 10 mg/ml bovine serum albumin, and TTc SDS at 65 *C, 
and the final wash temperature was 55 'C in 0.5 x SSC. 

Expression Studies in 293 Cells— The bovine cDNA was released 
from pUCl9 using £coRI and inserted into the mammalian expression 
vector pD5 behind the adenovirus major late promoter (16) at the 
RamHl site by a Klenow fill-in reaction (18) of insert and vector 
prior to ligation. A properly oriented clone was obtained (designated 
pD5-RAGE), and DNA was prepared for transfection studies. Cal- 
cium phosphate precipitates of pD5-RAGE DNA and pD5 DNA 
without an insert were used to separately transfect 293 cells (ATCC, 
Rockville, MD) by the method of Wigler et at. ( 15). Transient trans- 
fectants were utilized for assay at 24-48 h post-transfection. Stable 
lines were prepared by selecting for resistance to G418 (Geneticin. 
Gaithersburg, MD) with selection conditions of 250 ^g/ml G418 and 

Transfected cells were studied for expression of RAGE by assessing 
expression of the antigen using anti-RAGE IgG prepared from poly- 
clonal guinea pig antiserum by chromatography on protein A-agarose 
(Schleicher & Schuell), and the binding of '"I-AGE-albumin, pre- 
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■Jil.l rolls trmisle.te.1 wilh RACK cPNA or mock (ransfectcd 293 
controls em|itov«l cell liners grown -n covorslips fixed in paralnrm- 
aldchvde (2'V I. HACK was visualized with guinea pig aim HACK IgC. 
(7) which was revealed with fluorescein isothiocyanatoconjiigated 
gnat anti-guinea pig IgG ISigmnl. as described previously (20 1. 

The presence of imimmoreacme RACK protein was also studied 
bv Western blotting using the same anti-RAGE IgG on detergent 
extracts of 29:1 cells transfected with the cDNA for bovine RAGE or 
mock-transfected 293 cont n.ls ( - 10' cells in each case). 293 cells were 
harvested by gentle scraping, washed twice with phosphate-buffered 
saline, and extracted for 4 It at 4 'C in buffer containing Tris (20 
mM), NaCl (0.1 M), phenylmethylsulfonyl fluoride (1 mM), trasylol 
(0.1%), and 1% octyl-d-glucoside. final pH 7.4. The lysate was cen- 
trifuged (11,000 x g for 30 min at 4 *C), and the supernatant was 
adsorbed to a hvdroxylapatite column (bed volume, 10 ml) equili- 
brated in Tris (20 niMl, NaCl (100 mM), and 0.1% octyl-fj-glucoside, 
final pH 7.4. The column was washed with 10 bed volumes of 
equilibration buffer until the absorbance at 280 nm was <0.01. then 
eluted in the same buffer containing additional NaCl (1 M). The 
eluate was pooled and precipitated in trichloroacetic acid (20%) to 
precipitate the proteins. Pilot studies with purified RAGE demon- 
strated that this treatment did not result in degradation. The pellet 
was washed in ice-cold acetone three times (total of 6 ml), evaporated 
to dryness, and solubilized in nonreducing SDS sample buffer (21). 
SDS-PAGE (10%) was performed, and proteins were either visualized 
directly by Coomassie Blue staining or transferred electrophoretically 
to nitrocellulose. Excess sites on the nitrocellulose membranes were 
blocked using nonfat dry milk by the Blotto procedure (22), and then 
blots were incubated with primary antibody (anti-RAGE IgG). Where 
indicated, purified bovine 35-kDa AGE-binding protein (50 ,ig/ml) 
was added to mixtures simultaneously with primary antibody. Sites 
of primary antibody binding were visualized using the peroxidase 
method according to the manufacturer's instructions (Amersham 
Corp.), and by using an affinity purified '-M-anti-guinea pig IgG 
(Sigma). The approximate molecular masses of protein bands were 
determined by comparison with standards run simultaneously (Rain- 
bow Standard, Amersham Corp/): phosphorylase 6, 97.4 kDa; bovine 
serum albumin 69 kDa; ovalbumin. 46 kDa; carbonic anhydrase, 30 
kDa; trypsin inhibitor, 21.5 kDa; and lysozyme, 14.3 kDa. 

Radioligand Binding Studies— Radioligand binding studies were 
performed by growing 293 cells transfected with the pD5 plasmid 
containing the bovine RAGE cDNA or pD5 mock-transfected control 
to confluence in 96 wells previously coated with 2.5 jig/cnr poly-D- 
lysine (Sigma). Cells were washed three times with Hank's balanced 
salt solution, pH 7.4, binding buffer (minimal essential medium 
containing 1% bovine serum albumin (Sigma), 0.05 ml/well) was 
added along with the indicated amount of '"I-AGE albumin alone or 
in the presence of at least a 20-fold molar excess of unlabeled AGE 
albumin. ('"l-AGE-albumin and unlabeled AGE-albumin were pre- 
pared as described in Ref. 7). Wells were incubated for 2 h at 4 *C, 
binding was terminated by five washes in ice-cold Hank's buffered 
salt solution (0.2 ml/wash), and then 0.1 ml elution buffer (minimal 
essential medium containing 1% Triton X-100) was added for 5 min 
at 37 *C. The contents of the well were then aspirated and counted 
in a Rackgamma counter. For studies employing antibodies to AGE- 
binding proteins and nonimmune IgG, each prepared from guinea pig 
sera, the IgG, at the indicated concentration, was preincubated with 
cells for 15 min at 4 *C, and then a radioligand binding assay was 
performed as above. 

RESULTS 

Tryptic Map of 35-kDa AGE-binding Protein— The purified 
bovine 35-kDa AGE-binding protein was subjected to tryptic 
digestion and chromatography on HPLC reversed-phase in 
order to obtain peptides for internal sequence analysis (Fig. 
1). The elution profile of tryptic fragments from the reversed- 
phase column was different under nonreducing and reducing 
conditions, suggesting the existence of internal disulfide 
bonds. Furthermore, each of the protein sequences obtained 
was consistent with the hypothesis that the 35-kDa AGE- 
binding protein was unique, as was suggested by the amino- 
terminal sequence (7). 

RAGE cDNA Cloning— The bovine lung Agt 11 cDNA h- 
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FlG. 1. HPLC reversed-phase chromatography of tryptic 
digest and protein sequence of fragments from bovine 35-kDa 
AGE receptor. The purified 35-kDa AGE-binding protein was in- 
cubated with trypsin, and the reaction mixture was chromatographed 
on reversed-phase HPLC under nonreduced (A ) or reduced (B) 
conditions. The elution profile shows adsorption at 0D_. I5 nm, and 
peaks were sequenced as indicated (in the tower panel, the numbers 
correspond to the peaks sequenced). Amino acids are denoted by the 
single letter code: Ala (A). Cys (C). Asp (D), Glu (£). Phe (F), Gly 
(G), His (H), He (/), Lys (AO, Leu (L). Met (M), Asn (N), Pro (P), 
Gin (Q). Arg (A? ). Ser (S), Thr IT). Val ( V), Trp ( W), and Tyr ( Y). 
X is an amino acid residue not identified at that position. 

brary was plated and screened using the NH 2 -terminal se- 
quence probe. Approximately one in 12,000 clones was posi- 
tive, and 10 such clones were chosen for additional character- 
ization. These clones exhibited similar restriction patterns 
(data not shown) suggesting they were likely to be closely 
related. One clone, containing a --1,400 base pair (bp) insert, 
was chosen as a probe for Northern analysis of bovine lung 
RNA (Fig. 2). A single transcript of about 1,500 nucleotides 
was observed, suggesting that the cDNA isolated was nearly 
full-length. The DNA sequence of this clone was determined 
(Fig. 3, left panel). The cDNA is 1440 bp and appears poly- 
adenylated despite containing a modified polyadenylation sig- 
nal of AGTAAA versus the consensus AATAAA (17) starting 
at -20 bp from the adenylation site. The cDNA encodes a 
precursor protein of 416 amino acids and includes all five of 
the peptide sequences obtained from protein sequencing of 
tryptic peptides (Fig. 1) as well as the amino-terminal se- 
quence (7). The protein includes a putative signal sequence 
of 22 amino acids and an extracellular domain of 332 amino 
acids. The latter domain contains 6 cysteines, evenly spaced 
with 42-64 amino acid residues between them, and two prob- 
able AMinked glycosylation sites located near the amino ter- 
minus (at amino acid positions 3 and 58 of the mature 
protein). There is also a putative transmembrane region of 19 
hydrophobic amino acids followed by a highly charged intra- 
cellular domain of 43 amino acids. 

The human counterpart of bovine RAGE was obtained from 
a human lung cDNA library using the bovine clone as a probe. 
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Fin. 2. Northern of bovine lung total RNA. 25 w g of bovine 
lung total RNA and 5 »jg of RNA markers were each heated at 55 *C 
in denaturation buffer for 10 min and then loaded on a 1.2°; form- 
aldehyde agarose gel. After electrophoresis, the RNA was transferred 
to nylon support as described in text and was hybridized 16 h with 
the : '-'P-labeled EcoRI fragment of the bovine RAGE clone. The blot 
was then washed (0.5 x SSC at 55 'C final) and exposed overnight 
with an enhancing screen. The numbers to the right indicate the 
position for each RNA marker, in kilobases. 

The DNA sequence of this partial clone is presented in Fig. 
3, at right. This human cDNA contains 1406 bp and appears 
to encode the entire mature protein of 404 amino acids. Like 
the bovine form, human RAGE protein appears to contain a 
single membrane-spanning domain of 19 amino acids sepa- 
rating the protein into an extracellular domain of 321 amino 
acids and an intracellular domain of 41 amino acids. The 
protein appears to contain a signal sequence at least as long 
as that of bovine RAGE, although in this clone the initiating 
methionine is not present, presumably because the clone is 
truncated. Most, if not all of the signal sequence is present, 
however, and is apparently cleaved after glycine 22 based on 
computer analysis using the Sigcleave program. The putative 
polyadenylation sequence ATT AAA, located —23 bp from the 
site of adenylation differs from the bovine sequence, AG- 
TAAA, but it is curious in that it also differs from the 
consensus sequence, AATAAA. An alignment of the deduced 
protein sequences for the human and bovine clones is shown 
in Fig. 4. They share an overall identity of 83.6% and are 
90.8% similar. The bovine sequence contains an 11-amino- 
acid insertion with respect to the human starting at trypto- 
phan 230. 

Initial database searches conducted using the bovine and 
human RAGE peptide sequences suggested RAGE is a mem- 
ber of the immunoglobulin superfamily of sequences. A profile 
of RAGE was constructed using the human and bovine RAGE 
peptide sequences and was used to search Protein Identifica- 
tion Resource and SwissProt. The top match in these searches 
was the MUC 18 sequence, with a ZScore of 5.64. MUC 18 
and human RAGE share 24.8% identity and 48.5% similarity 
over a 612-residue alignment (including gaps). Bovine RAGE 
shares 24.3% identity and 46.8% similarity with MUC 18 over 
a 611-residue alignment. MUC 18 is an immunoglobulin-like 
superfamily member glycoprotein used as a marker of tumor 
progression in melanoma (30). Both RAGE and MUC 18 
share sequence similarity to the neural cell adhesion molecules 
(31). Bovine RAGE also shares homology with the B-cell 
activation marker CD20 (33) with 36% identity when com- 
paring the carboxyl-terminal 48 residues of RAGE to the 
cytoplasmic domain of CD20. Further analysis of RAGE has 
shown that it has three possible immunoglobulin-like do- 
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Fig. 3. Nucleotide and amino acid sequence of bovine and human RAGE. The bovine (left) and human {right) genes were sequenced 
by the dideoxy chain termination method as described under "Materials and Methods. Potential .V-linked glvcosylation sites are indicated 
by boxed sequences, the putative polyadenylation sites are shown with bold underlining, and sequences matching the sequenced bovine peptides 
are indicated by light underlining. The following amino acid residues from the underlined peptide sequences were not determined by the 
protein sequencing: all Cys (C) and Trp ( W), Asn- h (A/") and Glu M (£*"). 



mains, each with a set of conserved cysteine residues. The 
location of these immunoglobulin-like domains within the 
RAGE molecule is depicted in Fig. 5. The first domain has 
characteristics of a V-like domain and includes the two poten- 
tial TV-linked glycosylation sites. The two remaining domains 
have properties of C-like domains. A Motif search identifies 
an immunoglobulin/major histocompatibility complex signa- 
ture sequence at position 309 in the bovine sequence (299 in 
the human form). This sequence, YSCVATH, is usually found 
around the COOH-terminal cysteine involved in the intrado- 
main disulfide bond. The consensus pattern is (F, Y)xCx(V, 
A)xH. This pattern is indicative of an IG constant type 
domain. 

Expression of Bovine RAGE in 293 Cells— Indirect immu- 
nofluorescence on nonpermeabilized, pD5-RAGE transiently 
transfected 293 cells showed surface expression of the RAGE 
protein, whereas the mock-transfected cells were negative 
(Fig. 6, panels I versus II). In contrast, 293 cells transfected 



with the RAGE cDNA or mock-transfected controls did not 
express material immunoreactive with antibody to the other 
AGE-binding protein, a lactoferrin-like polypeptide (7, data 
not shown). 

In parallel with immunofluorescence staining of the cell 
surface, Western blotting with the anti-AGE-binding protein 
IgG demonstrated its expression in 293 cells transfected with 
the RAGE cDNA (Fig. 7). 293 cells transfected with the 
RAGE cDNA were extracted with detergent and the protein 
was concentrated by adsorption to hydroxylapatite (the latter 
resin strongly adsorbs the 35-kDa AGE-binding protein) (7). 
The hydroxylapatite eluate was then subjected to SDS-PAGE. 
Compared with a preparation from the same number of mock- 
transfected 293 cells, only the 293 cells transfected with the 
RAGE cDNA demonstrated significant amounts of protein 
visible by Coomassie staining on 10% SDS-PAGE of the 
hydroxylapatite eluate (Fig. 7, lanes 1-2). The pattern of 
protein bands in the transfected 293 cells was clearly more 
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Flo. 4 ; Protein sequence alignment of bovine and human 
RAGE. Sequences were deduced from translation of the cDNAs, and 
alignments were made using the GAP program of GCG. Vertical lines 
show sequence identity. Vertical rows of dots indicate threshold 
similarity. Gaps, indicated by dots were introduced to produce optimal 
alignment. Underlining indicates conserved cysteines (bold under- 
line), JV-linked glycosylate sites (light underline), and transmem- 
brane domain (dashed underline). 



FlG. 5. Hydrophilicity plot of bovine RAGE. The hydrophil- 
icity profile was generated from the Hopp and Woods program of 
intelligenetics. NH,, amino terminus; COOH, carboxvl-terminus- 
CHO, N-linked glycosylation sites; TM, transmembrane" domain; S- 
.S, disulfide-linked cysteine residues; IgV and IgC, immunoglobulin- 
like variable and constant domains, respectively. 

complex than that observed when the purified bovine 35-kDa 
AGE-binding protein obtained from lung tissue was subjected 
to SDS-PAGE (Fig. 7, lane 3). 

Western blot analysis of extracts from transfected 293 cells 
was performed to permit identification of RAGE-immuno- 
reactive material. Extracts from mock-transfected 293 cells 
showed no bands with the anti-AGE-binding protein IgG (Fig. 
7, lane 4), while the RAGE-transfected cells showed a major 
band of -50 kDa (Fig. 7, lane 5). Prolonged exposure of the 
blot to film demonstrated several additional fainter bands 
with M, values of 30,000-35,000, 55,000, and 80,000. This 
approximated the pattern of bands observed in the Coo- 
massie-stained gel of the hydroxylapatite eluate of the RAGE- 
transfected cells (Fig. 7, lane 2). Western blotting of the 
purified lung 35-kDa AGE-binding protein with anti-35-kDa 
antibody demonstrated only a single band (Fig. 7, lane 6). To 
be certain that all immunoreactive bands observed in extracts 
derived from the transfectants were due to epitopes derived 




Fic. 6. Indirect immunofluorescence of bovine RAGE- 
transfected 293 cells using anti-RAGE IgG. 293 cells transfected 
with the cDNA for RAGE (panel I) or mock-transfected controls 
[^ e U l l were P re P flred for immunofluorescence using anti-35-kDa 
ACfc-binding protein IgG as described in the text. 
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Fic. 7. Western blotting of extracts of transfected 293 cells 
with anti-35-kDa AGE-binding protein IgG. 293 cells trans- 
fected with the cDNA for RAGE and mock-transfected controls (10* 
cells in each case) were extracted in detergent-containing buffer and 
processed for nonreduced SDS-PAGE (10^) as described in the text, 
including adsorption to hydroxylapatite, precipitation of the eluate 
in trichloroacetic acid, and solubilization of the pellet in nonreduced 
SDS gel sample buffer. Samples from 293 cells transfected with the 
cDNA for RAGE and mock-transfected controls were treated identi- 
cally, and the same volume of sample was applied to each lane of the 
gel. Lanes 1 and 2 demonstrate proteins visualized by Coomassie Blue 
staining of mock-transfected control 293 cells and 293 cells trans- 
fected with the RAGE cDNA. respectively. Lane 3 demonstrates the 
band obtained on Coomassie Blue staining with purified 35-kDa AGE- 
binding protein (3 ng). An arrow designates migration of the single 
band m lane 3. Western blotting of these samples was performed, and 
blots were stained with anti-35-kDa AGE-binding protein IgG <50 
tig/ml) in lanes -t and 5 (mock-transfected control 293 cells and 293 
cells transfected with RAGE, respectively). Lane 6 demonstrates 
Western blotting with purified 35-kDa AGE-binding protein (3 <ig) 
Western blotting of 293 cells transfected with the RAGE cDXA and 
purified 35-kDa AGE-binding protein (3 jjg) was also performed in 
the presence of purified soluble RAGE (50 ^g/ml: the latter was added 
during the incubation with primary antibodv) (lanes 7 and 8, respec- 
tively). 

from the AGE-binding protein, Western blotting was repeated 
in the presence of an excess of soluble purified bovine 35-kDa 
AGE-binding protein (added during the incubation of blots 
with the anti-35-kDa AGE-binding protein IgG). All bands 
disappeared from the 293 cells transfected with RAGE cDNA 
and from the purified 35-kDa AGE-binding protein (Fig. 7, 
lanes 7 and 8, respectively). 

In view of the expression of RAGE protein by transfected 
293 cells, we considered whether recombinant RAGE could 
mediate cell surface binding of AGEs. Radioligand binding 
studies with '"I-AGE-albumin demonstrated specific, dose- 
dependent, and saturable binding on 293 cells transfected 
with RAGE with K d -100 nM (Fig. 8A), which is similar to 
what is observed on cultured endothelial cells (6-7) and 
mononuclear phagocytes (8). Mock-transfected 293 cells 
showed no specific binding of ,2S I-AGE-albumin. The central 
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Fie. 8. Binding of ,2S I-AGE-albumin by transfected 293 
cells. A, dose response. A radioligand binding assay was performed 
on 29.1 cells transfected with the cDNA for RAGE (open circles) or 
mock -transfected 293 controls (dosed circles) by adding the indicated 
concentrations of '"I-AGE-albumin alone or in the presence of un- 
labeled AGE albumin (20-fold molar excess). After the incubation 
period, cultures were washed, and eluted cell-bound radioactivity was 
counted as described in the text. Each point is the mean of quadru- 
plicate determinations, and the inset shows Scatchard analysis of the 
same data. Parameters of binding are K„ = 100 ± 20 nM (value ± 
S.E.) and n = 17 ± 1 fmol/well. B. effect of anti-35 and antilactoferrin- 
like AGE-binding protein IgG and nonimmune IgG on the binding of 
'-'"'I -AGE albumin to 293 cells transfected with the cDNA for RAGE. 
293 cells transfected with the cDNA for RAGE were preincubated 
with either anti-35-kDa AGE-binding protein IgG (1:1 dilution, 3.7 
mg/ml BI), anti-lactoferrin-like (80 kDa) AGE-binding protein IgG 
(1:1 dilution, 2.7 mg/ml, BID, or nonimmune IgG (1:1 dilution. 3.7 
mg/ml, BUI) for 15 min at 4 'C, and subsequently a radioligand 
binding assay was performed by adding '"I-AGE-albumin (100 nM) 
alone or in the presence of a 20-fold molar excess of unlabeled AGE 
albumin at 4 *C for 2 h. Bound radioactivity was determined as 
described in the text. Each experiment employed quadruplicate de- 
terminations, and the experiment was repeated five times. The mean 
and S.E. are shown. 

role of RAGE in mediating AGE-cellular interaction in this 
context was shown by the inhibitory effect of anti-35-kDa 
AGE-binding protein IgG (Fig. 85). In contrast, antibody to 
the lactoferrin-like AGE-binding protein IgG and nonimmune 
IgG had no inhibitory effect (Fig. 8, C and D). 

DISCUSSION 

Binding of AGE-modified proteins to the endothelial cell 
involves two surface -associated polypeptides: a lactoferrin- 
like AGE-binding protein (7) and a 35-kDa polypeptide, which 
has been characterized in the current study. Molecular cloning 
of this AGE-binding protein has shown it to be a new member 
of the immunoglobulin superfamily of receptors, leading us to 
tentatively assign it the name RAGE. Consistent with our 
previous findings that the binding of AGEs to RAGE required 
no serum cofactors, 293 cells transfected only with the cDNA 
for RAGE-bound '"I-AGE-albumin in a dose-dependent man- 
ner in serum-free media (these cells did not demonstrate any 
immunoreactivity with the lactoferrin-like AGE-binding pro- 
tein). The K d for binding of '"I -AGE-albumin to these cells, 
-100 nM, was close to that observed for binding of AGEs to 
endothelial cells and mononuclear phagocytes (6-9). Binding 
of radioiodinated AGE ligand to 293 cells transfected with 



by antibodies to HACK. and whs 
: expression of the receptor, based 
on Western blotting.. The receptor extracted from these 29:1 
cells demonstrated a major immunoreactive hand at M, 
-50.000. as well as several other bands with M, values as low 
as :H),000-»0.000. Since the appearance of all of these bands 
was blocked by the addition of purified RAGE, it is most 
likely that their appearance in the RAGE-transfected cells 
reflected post-translational processing. In this context, the 
calculated molecular mass of the recombinant protein minus 
the signal sequence is 42,141 Da, to which about 5,000 Da 
must be added to account for the two .V-Iinked polysaccha- 
rides. Thus, there is probably extensive processing of RAGE 
following its translation. 

The 35 kDa form of RAGE isolated from acetone powder 
of bovine lung is likely to be one of these post-translationally 
processed forms, potentially the product of proteolytic cleav- 
age in situ or during the purification procedure. Although 
definitive proof for this hypothesis will require a detailed 
comparison of tryptic maps of RAGE derived from lung tissue 
with purified material obtained from transfected cells (the 
latter will require much larger amounts than are currently 
available), it is relevant to note that all of the tryptic frag- 
ments sequenced thus far from the purified lung material were 
derived from the amino-terminal half of the protein (Fig. 1). 
Thus, it is possible that the 35 kDa form of RAGE is due to 
proteolytic processing at the carbozyl terminus. Furthermore, 
in view of the presence of RAGE in a form migrating with M, 
-50,000 in the transfected cells, it is tempting to speculate 
that this polypeptide may be related to the 60-kDa protein 
which binds AGE-albumin identified by Yang et al. (8). How- 
ever, the sequence published by these authors bears no simi- 
larity to human or bovine RAGE. 

These observations lead us to speculate that there are likely 
to be several types of AGE-binding proteins potentially rec- 
ognizing different classes of AGE ligands or activating distinct 
cellular processes following formation of the ligand-receptor 
complex. Skolnik et al. (9) recently identified AGE-binding 
proteins of 30, 40, and 50 kDa, based on ligand blotting of 
renal tissue with radioiodinated AGE-albumin. Although the 
latter may represent unique proteins, it is possible that these 
AGE binding species are related to RAGE based on the 
presence of similarly migrating bands on Western blots of 
RAGE-transfected cells (Fig. 7) and partially processed lung 
extracts (data not shown). In this context, our pilot studies 
have shown positive immunostaining of renal tissue with anti- 
AGE-binding protein antibody. 

Although initially we speculated that cellular AGE recep- 
tors might resemble other scavenger receptors, such as recep- 
tors which facilitate uptake of acetylated low density lipopro- 
tein or asialoglycoprotein (23-26), RAGE is a member of the 
immunoglobulin superfamily. The immunoglobulin superfam- 
ily comprises, in addition to the immunoglobulins, a broad 
array of cell surface receptors and adhesion molecules (see 
Ref. 32, for a recent review). The overall architecture of RAGE 
is consistent with either of these two functions. RAGE has 
three domains, one most similar to the variable domain set 
and two that resemble the constant C2 set. RAGE also has a 
typical membrane-spanning sequence and an acidic carboxyl- 
terminal cytoplasmic tail. The cytoplasmic tail has reasonable 
similarity to the cytoplasmic tail of the CD20. This suggests 
that RAGE may subserve functions beyond binding and sub- 
sequent uptake of AGEs. Two lines of evidence in this regard 
implicate RAGE as a cell adhesion molecule or growth factor 
receptor. Pilot studies have demonstrated that RAGE con- 
tributes to the enhanced adherence of diabetic red cells to 
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endothelium I'-'T). In addition. AGEs can slimuliile endothe- 
lial prolift* r.-it ion (28), and preliminary experiments have 
shown that antibodies to RACE also directly stimulate endo- 
thelial growth. y ms suggests the hypothesis that AGEs are 
accidental and potentially pathogenic ligands for this receptor 
and in.licate that an important challenge for future studies 
will b<- to identify the natural ligand of RAGE, potentially a 
growth (actor or cell surface ligand. 

The results presented in this and the previous study (7) 
serve as a starting point for experiments to elucidate functions 
of RAGE and AGEs in pathophysiology by providing essential 
reagents for detection and expression of RAGE in cells and 
tissues. Previous work demonstrating that AGEs modulate 
multiple properties of endothelial cells, including permeabil- 
ity, growth, and thrombogenicity, and of mononuclear phag- 
ocytes (6, 26), such as cell migration and production of cyto- 
kines-growth factors (8, 9, 11), suggests that exploration of 
biologic functions of RAGE will be a fruitful undertaking. 
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